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Introduction
Calcium-Silicate-Hydrate-phases (CSH-phases) are important binding agents in building materials, like concrete and limesand stone. CSH phases with different chemical compositions regarding the CaO to SiO 2 ratio (C/S-ratio) were crystallized by hydrothermal reaction of CaO, SiO 2 and H 2 O [2] [3] . The crystallization of CSH-phases depends on the C/S ratio of the educts, the reaction temperature and the reaction time. These parameters influence the formation of structure type, crystallinity and crystal morphology of the CSH-phases, e.g. in limesand stone, in the free pore space between the quartz cores.
As SiO 2 source quartz sand is mainly used. CaO (calcinated lime) is obtained by calcination of carbonate (CaCO 3 ) at 900°C. Reaction of the latter with water leads to the formation of portlandite (Ca(OH) 2 ). Under hydrothermal conditions Ca(OH) 2 and SiO 2 react to CSH-phases. The solubility of the educts plays an important role in the crystallization of CSH. The solubility of quartz increases with temperature, while Ca(OH) 2 has a decreasing solubility in water (retrograde solubility) [4] . At the beginning of the hydrothermal reaction between Ca(OH) 2 and SiO 2 in autoclaves the solution is saturated with lime [4] . Ca-rich phases crystallize at first during the hydrothermal process, e.g. α-C 2 SH, followed by the amorphous gel-like CSH-II [5] - [7] . Thereon the crystalline CSH-I occurs. The next step is the formation of band-like crystals of 11 Å tobermorite and long needles of xonotlite [2] [7] . The final phase is gyrolite with hexagonal plates [2] . Mörtel (1980) 2 ] × 2H 2 O) with a band-or card-shaped morphology. The tobermorite crystals lead to the cementation of the quartz cores and determine the stability of the building material. 11 Å tobermorite is a stable CSHphase at a C/S-ratio of 0.83 and thermodynamically calculations gave a range of stability starting at 90˚C [4] . In practice crystallization temperatures around 160˚C yield to tobermorite crystals of proper quality [5] [6] .
The crystal structure of natural 11 Å tobermorite was first described by Megaw and Kelsey (1956) [8] , later by Hamid (1981) [9] as an orthorhombic structure as well as Merlino et al. (1999 Merlino et al. ( , 2000 Merlino et al. ( and 2001 even for clinotobermorite and polytypes [10] - [12] . The structure of 11 Å tobermorite consists of alternating (Si 3 O 9 )
6 -chains ("Dreiereinfachketten"), sheets of CaO-octahedra and intermediate layers of CaO and H 2 O [9] . Each "Dreiereinfachkette" is orientated to the b-axis and consists of two paired tetrahedra pointing towards the Ca-layer and one bridging tetrahedron orientated to the intermediate layer [1] [8]- [11] . The notation of the different types of tobermorite (e.g. 9 Å tobermorite, 11 Å tobermorite) is based on the distance (Å) between the two layers of CaO polyhedra. The Ca 2+ cations of the intermediate layer (consisting of H 2 O molecules and Ca 2+ cations) compensate the negative charge of the (Si 3 O 9 )
6 -chains ("Dreiereinfachketten") and arrange the connection between the "calcium-silicate-layers".
Xonotlite (Ca 6 Si 6 O 17 (OH) 2 ) is a stable CSH-phase with needle-like morphology [2] and thermodynamic calculations for a C/S-ratio of 1.0 yield to 90˚C as the lowermost temperature of stability [4] . Below 100˚C xonotlite transforms into tobermorite. Usually temperatures tight above 200˚C yield to xonotlite crystals of proper quality [5] - [7] . An early structural investigation was performed by Mamedov and Belov (1955) [13] and later by Kudoh and Takeuchi (1979) [14] . In a later work Hejny and Armbruster (2001) [15] described the structure of xonotlite polytypes. More or less disordered polytype structures of xonotlite basically consist of layers of CaOpolyhedra (Ca-octahedra and Ca in sevenfold coordination) linked with silicate double chains (Si 6 O 17 ), the "Dreierdoppelketten". The CaO-polyhedral layers are orientated in a-b-plane and are stacked along the c-direction. The structure of xonotlite shows close resemblance to the structure of wollastonite, which even exhibits "Dreierdoppelketten" [16] .
Hillebrandite (Ca 2 SiO 3 (OH) 2 ) can be synthesized in the temperature range of 175˚C -250˚C [4] as long fibers with a C/S ≥ 2.0. The crystal structure of hillebrandite was described by Heller (1953) [17] and later by Dai and Post (1995) [18] . A three dimensional network is formed by Ca-polyhedra. This network exhibits channels along the a-axis, which contains wollastonite like silicate double chains.
Various studies on synthesis and properties of CSH-phases like tobermorite, xonotlite, hillebrandite are available in the literature since decades. Beside comprehensive former studies like [2] [25] or the experimental research of Spudulis et al. [26] in the special case of xonotlite beside many others.
Despite all those accurate investigations there are nevertheless some important questions concerning the connections of crystallization mechanism and kinetics of phase formation with structure, crystallinity and morphology of the CSH's. Especially our knowledge on certain structural features connected with temperature dependent phase transitions and crystallization process from the 14 tobermorites to the 11 phase and to xonotlite in structural relation to wollastonite types can be further mentioned here beside many other questions on this broad field of CSH-phases.
In this sense the present work investigates CSH crystallization in view of two special points: Firstly we investigate the temperature interval of the crossover reaction from tobermorite to xonotlite to get more information on structure-temperature relations of both CSH's during this process step. And secondly we use the experimental approach of synthesis of two parallel rows with same C/S ratios but different mass ratios of the individual raw materials. Sample 1) under constant amount of quartz and variation of lime and sample 2) under reverse conditions (constant mass of lime but variable amounts of quartz). Those parallel series with different amounts of initial components are of interest as time dependent allocations of the total amounts of calcium and silicate ions into the solution can be studied that way. CSH formation under the peculiarities of a retrograde solubility of lime but accelerated solubility of quartz is a diffusion dependant process under kinetic control and is thus strongly influenced by the evaluation of concentration of the components in the solution. The aim of the present work is the receipt of new information on the whole crystallization process. Seeding behaviour and crystal growth mainly depend on the temporary evaluation of supersaturation within the solution [27] .
Experimental

Syntheses
The syntheses of the CSH-phases were done with powdered quartz (SiO 2 ) of particle size >230 mesh (FLUKA 83,340) and calcium oxide (CaO), obtained by calcium carbonate (CaCO 3 Merck 1.02066) calcinated for 3 h at 1000˚C. Two synthesis series at different temperatures were done (series 1: 180˚C and series 2: 230˚C). The C/S ratios were varied from 0.41 to 1.66 as CSH phases were also found in nature in this broad range like okenite (C/S = 0.5) or foshagite (C/S = 1.67) [4] . At both temperatures and for each C/S ratio parallel syntheses were performed. Experiments a: Synthesis under insertion of a constant amount of quartz and variation of lime and experiments b: Synthesis by using a constant mass of lime but a variable amount of quartz.
For each synthesis the educts were filled into 50 ml steel autoclaves with Teflon liners and distilled water was added. The water portion was calculated to reach a liquid to solid ratio of 7.5 in each experiment. The hydrothermal treatment in an oven was done at 180˚C and 230˚C for 40.5 h. Afterwards the products were filtered and washed with distilled water and dried for 24 h at 80˚C. The experimental details of the two synthesis series are summarized in Table 1 and Table 2 .
Analytical Methods
The analysis of the synthesis products was done by XRD, SEM/EDX, FTIR spectroscopy and 29 Si MAS NMR spectroscopy. For XRD measurements the X-Ray diffractometer PW1800 (Philips) was used. The CuKα X-rays were generated with a Cu-anode (40 kV, 40 mA) and a graphite-monochromator. The measurements were done with a θ/2θ-scan with 3900 steps over 10 hours and 50 minutes (step size 0.02˚ 2θ and 10 s measuring time) in the range of 2˚ -80˚ 2θ. The data were analyzed using the WinXPow software of Stoe & Chi. The quantitative analysis was done by Rietveld refinement of X-ray powder data using the Topas 4.2 software (Bruker AXS). For analyzing the morphology and chemical composition of the synthesis products a scanning electron microscope (SEM) Jeol JSM-6390A with an accelerating voltage of 20 kV or 30 kV was used. The EDX analysis was done by a QUANTAX spectrometer with an X Flash M410 detector (Bruker). Therefore the samples were sputtered with a fine layer of gold to prevent electric charging during measurements. Therefore a signal of gold (Au) exists in each EDX spectrum. Infrared spectra were measured by a VERTEX 80 v FTIR-spectrometer (Bruker) and evaluated using the Opus software (Bruker). Therefore the samples were diluted by KBr (1 mg sample in 200 mg KBr), pressed into pellets and measured relatively to the KBr as a reference. Selected samples were analyzed by 29 Si MAS NMR spectroscopy as high resolution NMR spectroscopy of this nucleus was shown to be a powerful method for structural characterization of CSH phases tobermorite [28] [29], xonotlite and hillebrandite [30] . An ASX400 WB FT-NMR spectrometer from Bruker at Ruhr University of Bochum was therefore inserted in our study. The spectra were recorded at 79.493 MHz. A pulse sequence with 4 μs pulse duration and 120 s pulse delay were used. The spinning frequency of 4 kHz was revealed. Chemical shifts were related to tetramethylsilane standard (TMS).
Results
XRD and SEM/EDX Analysis
Series 1 (180˚C)
1) Syntheses with constant mass of SiO 2 (series 1.1a -1.5a, Table 1 ):
The XRD results of series 1 with constant SiO 2 are shown in Figure 1 . The powder patterns of the synthesis products with C/S ratios of 0.41 up to 1.66 exhibit strong signals of quartz (PDF 46-1045). The amount of quartz decreases with increasing C/S ratio. Beside quartz a high amount of 11 Å tobermorite (PDF 45-1480) crystallizes in the syntheses with a C/S value of 0.41 and highest amounts for the sample 1.2a of synthesis with C/S = 0.55. Also the synthesis with a C/S value of 0.83 shows signals of Å tobermorite. A small amount of xonotlite (PDF 23-125 [31] ) is seen in the synthesis with a C/S value of 0.83. Higher C/S ratios of 1.34 and 1.66 led to the formation of calcite (PDF 10-400 [31] ) and portlandite (PDF 4-733 [31] ). A quantitative evaluation by Rietveld method of synthesis 1.2a is given in Table 3 . This product was selected for Rietveld analysis as the sample with the highest amount of tobermorite in best quality of this series. The Rietveld analysis shows tobermorite as main phase beside small amounts of quartz and xonotlite (see Table 3 ).
2) Synthesis with constant mass of CaO (series 1.1b -1.5b, Table 1 ):
The XRD results of series 1 with constant mass of CaO are shown in Figure 2 . Strong signals of quartz can be seen in the syntheses with C/S ratios of 0.41 to 1.66. In contrast to the syntheses series with constant SiO 2 the amount of quartz did not decrease with increasing C/S values but for the product of C/S 0.83 lowest amount could be found. For a quantitative evaluation by Rietveld analysis the product of synthesis 1.3ab was selected because of its optimal crystallization with highest parts of CSH phases but lowest content of remaining quartz. The refinements yield to 11 Å tobermorite as main phase beside a somewhat smaller amount of xonotlite. Quartz was again detected only on very low scale as in sample 1.2a. All quantitative values are summarized in Table 4 .
SEM/EDX-analysis was performed and data of the optimal products of the 180˚C series (sample 1.2a and 1.3ab, Table 1 as well as Table 3 and Table 4 ) are shown in the following figures for further discussion of our results. The following Figure 5 shows results of the SEM analyses of the sample 1.3ab. The SEM images of sample 1.3ab, C/S = 0.83 ( Figure 5 ) indicate needle-and band-like crystals with a size up to 7.5 µm. The EDX analysis (Figure 6 ) again exhibits typical intensity distributions of Si and Ca signals for CSH-phases in the C/S interval 0.8 < C/S < 1.0. A C/S ratio of 1.09 was calculated from area analysis indicating the formation of remarkable parts of xonotlite. As in product 1.2a no further impurities were found according to this analysis within the sample.
Series 2 (230˚C)
1) Syntheses with constant mass of SiO 2 (series 2.1 a -2.5 a, Table 2 ): Figure 7 shows the XRD results of the syntheses of series 2 with constant mass of SiO 2 . In the synthesis product obtained from educts with a C/S value of 0.4 quartz is the main phase. Beside quartz also a small amount of tobermorite and xonotlite can be detected. At higher C/S values from 0.55 up to 1.34 the signals of xonotlite increase and those of tobermorite strongly decrease. At a C/S ratio of 1.66 the CSH-phase hillebrandite (PDF 42-538 [31] is formed).
In contrast to the synthesis series 1 at 180˚C, the synthesis products of series 2 at 230˚C show no formation of calcite and portlandite.
According to the high degree of crystallinity estimated from the powder pattern of Figure 7 the product 2.3ab was selected for further analysis. The results of quantitative phase analysis by Rietveld refinement are summarized in Table 5 . The Rietveld analysis indicates crystallization of a high amount of xonotlite beside a few portion of quartz in sample 2.3ab. 2) Syntheses with constant mass of CaO (series 2.1 b -2.5 b, Table 2 ):
In Figure 8 the XRD results of series 2 with constant mass of CaO are summarized. The diffractograms show resemblance to those of the syntheses with constant mass of SiO 2 . Again the signals of xonotlite increase with increasing C/S ratios. At the highest C/S ratios of 1.24 and 1.66 hillebrandite crystallized and also a small amount of calcite.
Due to the high degree of crystallinity sample 2.5b was selected for Rietveld refinement. The Rietveld refinement shows hillebrandite as nearly main phase in the sample beside a few portions of calcite and a very low one of quartz. Quantitative data are summarized in Table 6 .
The Figure 9 shows SEM photographs of sample 2.3ab. The synthesis products of series 2 (sample 2.3ab, C/S ratio 0.83) show fine needle-like crystals of xonotlite. The needles have average lengths up to 9.2 µm. The crystals grew in clusters into the free pore space between the quartz cores.
The C/S ratio, estimated from EDX measurements of the crystals, is 1.17 (Figure 10) , which is close to C/S of ideal xonotlite (C/S = 1.0). Figure 11 give the SEM analyses of sample 2.5b. Figure 11 shows the results of the SEM analysis of product 2.5b. The images illustrate small needle-like crystals of hillebrandite connected with small bladed calcite crystals. The EDX area analysis (Figure 12) yields to a C/S ratio of 2.71, explained by the presence of calcite, which increases the C/S ratio of ideal hillebrandite (2.0).
FTIR-Spectroscopy
The same best samples, already described below by Rietveld analysis of X-ray powder pattern and by SEM/ EDX investigation, were selected for the IR spectroscopic characterization: -Sample 1.2a (tobermorite (Tob), 180˚C, C/S = 0.55); -Sample 1.3ab (tobermorite and xonotlite (Tob & Xo), 180˚C, C/S = 0.83); -Sample 2.3ab (xonotlite (Xo), 230˚C, C/S = 0.83); -Sample 2.5b (hillebrandite (Hil), 230˚C, C/S = 1.66).
As a reference also natural 11 Å tobermorite (from Zeilberg, Germany) and xonotlite (from former Yugoslavia) were measured. The results of the FTIR analysis are shown in Figure 13 .
The spectra of samples 1.2a (tobermorite) and 1.3ab (tobermorite/xonotlite) and the measured natural 11 Å Table 6 . Quantitative phase analysis of the synthesis product 2.5 b. ) in the spectrum of the synthetic sample 1.3ab belong to xonotlite (small amounts) [1] [7] .
The synthetic sample 2.3ab (xonotlite) and the measured natural xonotlite sample show sharp bands of deformation of SiO 4 -tetrahedra (400 -500 cm ) is also seen [1] [4] [7] . In summary the spectrum of the synthetic sample 2.3ab correlates well with the spectrum of the natural xonotlite sample.
The sample of hillbrandite (2.5b) contains sharp bands of OH vibrations at 3624 cm −1 with a shoulder at 3591 cm 
29 Si MAS NMR-Spectroscopy
The same synthetic samples 1.2a (Tob.), 1.3ab (Tob./Xo.), 2.3ab (Xo.) and 2.5 (Hil.), characterized by FTIR, were now analyzed by 29 Si MAS NMR spectroscopy. High resolution NMR spectroscopy of this nucleus was shown to be an appropriate method for structural characterization of CSH phases tobermorite [28] [29] as well as xonotlite and hillebrandite [30] . The results of the 29 Si MAS NMR spectroscopy of these samples are presented in Figure 14 . 2 -sites of a pairing tetrahedral, chain middle groups [28] [32]. This signal is three-times higher compared to the other signals. The peak at −96.02 ppm belongs to SiO 4 tetrahedra (Q 3 -sites) with three neighboured tetrahedra. The Q 3 -sites are due to the formation of double-chains, which are present in xontlite and tobermorite [1] 
Conclusions
The experiments clarified some important relations of crystallization process of CSH-phases with the C/S ratio and the mass ratio of the educts in the temperature range of the tobermorite-xonotlite crossover reaction (180˚C -230˚C).
Remarkable temperature-depended differences of the crystallization behavior could be observed. At 180˚C an increase of the C/S-ratio higher than 0.83 up to 1.66 retards the formation of CSH-phases (portlandite beside calcite and a small amount of quartz was analyzed). In contrast at 230˚C xonotlite and hillebrandite occur even at high C/S ratios.
The XRD results also show differences between the syntheses with constant mass of SiO 2 (series 1a and 2a) compared with experiments with constant mass of CaO (1b and 2b). At 180˚C the conversion of the educts with a constant mass of SiO 2 was somewhat accelerated, compared with extent of reactions starting with educts of constant mass of CaO. Higher amounts of remaining portions of quartz and lower conversion of the educts into CSH could be clearly observed in the latter case of the b-experiments and 0.41 < C/S < 0.83.
In the same C/S interval but at 230˚C also an interesting effect was found. Here the extent of the crossover reaction of tobermorite and xonotlite was influenced. At constant mass of quartz the conversion of the educts into xonotlite was higher, compared to tobermorite. At the higher ratios 1.24 < C/S < 1.66 the xonotlite:hillebrandite ratio is influenced and higher amounts of hillebrandite occur in the experiments with constant mass of lime and variation of quartz. Thus the parallel experiments with different mass ratios of the educts are an important tool to study the influence of time evaluation of supersaturation within the solution under the peculiarities of the retrograde solubility of lime but accelerated solubility of quartz. As all experiments were performed in the same 50 ml PTFE-containers the total mass of the educts determined the diffusion space during phase formation and our "b-syntheses" yield to more restricted conditions for distinctive crystallization. This could explain that the "b-samples" show higher portions of remaining quartz, beside calcite and portlandite in the X-ray powder diffraction results, compared to the syntheses with constant SiO 2 ("a-syntheses"). The role of the diffusion processes under the used experimental conditions needs to be investigated in more detail in further research work.
Summarizing the results of the present work, the best reaction parameters (temperature, C/S-ratio) regarding a reaction time of 40.5 h for the crystallization of 11 Å tobermorite, xonotlite and hillebrandite are: 1) 11 Å tobermorite: 180˚C, C/S = 0.55; series with constant mass of SiO 2 ; 2) xonotlite: 230˚C, C/S = 0.83; series with constant mass of SiO 2 ; 3) hillebrandite: 230˚C, C/S = 1.66; series with constant mass of CaO.
All CSH-phases and the course of reaction could be successfully described by using multiple complementary analytic methods XRD, SEM/EDX, FTIR-and 29 Si MAS NMR-spectroscopy.
